The debate whether statins, 3-hydroxymethyl-3-methylglutaryl coenzyme A reductase inhibitors, are safe to use has been raging since their introduction in 1987. Statins are generally well tolerated and are believed to have minimal adverse effects. However, individual, specific rare adverse events have been reported, such as elevations of liver enzymes, muscle aches, and very rarely, rhabdomyolysis. Discontinuation and/or reduction in the dose of the statin usually leads to resolution of these side effects. Recently, however, debate has focused on the possible negative long-term effects of statin treatment on cognitive decline, the incidence of cancer, and the development of diabetes mellitus. Recently, the U.S. Food and Drug Administration has expanded the warning for statins with a statement that statin use may lead to cognitive impairment. In this review, we discuss all levels of evidence, from case reports to large randomized controlled clinical trials, for the possible adverse effects of statins on cognitive decline, cancer, and diabetes. After careful consideration of all discussed scientific evidence, we conclude that there is no increased risk of cognitive decline or cancer with statin use. However, statin use is related to a small increased risk of type 2 diabetes mellitus. In view of the overwhelming benefit of statins in the reduction of cardiovascular events, we believe the small absolute risk for development of diabetes is outweighed by the cardiovascular benefits in patients for whom statin therapy is recommended. We, therefore, suggest that clinical practice for statin therapy should not be changed on the basis of the most recent Food and Drug Administration informational warnings. (J Am Coll Cardiol 2012;60:875-81)
The debate whether statins, 3-hydroxymethyl-3-methylglutaryl coenzyme A reductase inhibitors, are safe to use has been raging since their introduction in 1987. Statins are generally well tolerated and are believed to have minimal adverse effects. However, individual, specific rare adverse events have been reported, such as elevations of liver enzymes, muscle aches, and very rarely, rhabdomyolysis. Discontinuation and/or reduction in the dose of the statin usually leads to resolution of these side effects. Recently, however, debate has focused on the possible negative long-term effects of statin treatment on cognitive decline, the incidence of cancer, and the development of diabetes mellitus. Recently, the U.S. Food and Drug Administration has expanded the warning for statins with a statement that statin use may lead to cognitive impairment. In this review, we discuss all levels of evidence, from case reports to large randomized controlled clinical trials, for the possible adverse effects of statins on cognitive decline, cancer, and diabetes. After careful consideration of all discussed scientific evidence, we conclude that there is no increased risk of cognitive decline or cancer with statin use. However, statin use is related to a small increased risk of type 2 diabetes mellitus. In view of the overwhelming benefit of statins in the reduction of cardiovascular events, we believe the small absolute risk for development of diabetes is outweighed by the cardiovascular benefits in patients for whom statin therapy is recommended. We, therefore, suggest that clinical practice for statin therapy should not be changed on the basis of the most recent Cardiovascular disease is the leading cause of death in industrialized countries (1) . The prevention of cardiovascular disease is critically dependent on lipid-lowering therapy, most often achieved with 3-hydroxymethyl-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (statins). Statins are the most widely prescribed class of drugs worldwide, and therapy leads to a reduction of cardiovascular events by 25% to 45%. Statins are well tolerated and are believed to have minimal adverse effects. Most common adverse effects are myopathies, elevations of liver enzymes, and very rarely, rhabdomyolysis. Discontinuation or reduction in the dose of statin treatment usually leads to resolution of these side effects. For many years, there has been debate as to whether statins are indeed as safe as reported in clinical trials (2) . Most recently, the debate has centered on whether use of statins causes cognitive decline, cancer, and/or diabetes mellitus.
Recently, the U.S. Food and Drug Administration (FDA) has expanded the warning section of the label for all statins. The FDA concluded that serious liver injury with statins is rare and unpredictable in individual patients, and that routine periodic monitoring of liver enzymes does not appear to be effective for detecting or preventing serious liver injury. Therefore, labels were revised to remove the need for routine periodic monitoring of liver enzymes.
However, the FDA also stated that statin use may increase cognitive decline (3): "FDA has been investigating reports of cognitive impairment from statin use for several years. The agency has reviewed databases that record reports of bad reactions to drugs and statin clinical trials that included assessments of cognitive function. The reports about memory loss, forgetfulness, and confusion span all statin products and all age groups. Dr. Egan, Deputy Director for Safety in FDA's Division of Metabolism and Endocrinology Products, says these experiences are rare but that those affected often report feeling 'fuzzy' or unfocused in their thinking. In general, the symptoms were not serious and were reversible within a few weeks after the patient stopped using the statin. Some people affected in this way had been taking the medicine for a day; others had been taking it for years."
One might ask whether the warning of the FDA is appropriate, and we wondered where the concern about the safety of statins originates from. In this review paper, the potential influence of statins on possible adverse effects is discussed, with the focus on cognitive function, cancer, and diabetes mellitus type 2, and is set into a broader perspective based on the clinical and epidemiological evidence. We therefore discuss the 3 possible adverse events-cognitive function, cancer, and type 2 diabetes mellitus-according to 3 levels of evidence put forth to support the claims, namely, case reports, observational studies, and randomized controlled trials/systematic reviews of trials.
Case Reports
Cognition. The associations between statins and possible adverse effects have been studied since the introduction of statins in 1987 (4). Several case reports and case series have suggested a potential negative association between statins and cognitive function (5) . Symptoms reported by patients in these reports include short-term and long-term memory loss, behavioral changes, impaired concentration and attention, paranoia, and anxiety. Because cholesterol synthesis is essential for neurons to function normally, it is theoretically possible that excessive inhibition of cholesterol synthetic pathways may result in neurocognitive adverse effects.
In 2003, the FDA released information on 60 case reports of memory loss associated with statins (5). The main symptom related to statins in these reports was short-term memory loss that occurred a few months after the start of statin therapy or after a dosage increase. In half the case reports, discontinuation of statin treatment resolved the symptoms, suggesting a possible causal relationship. However, because many of these case reports were from consumers and important data on medical history or other concomitant diseases or medication were missing, these findings should be interpreted with great caution, and as such, this information does not permit any firm conclusions regarding causality (5) . In general, the patient population receiving statin therapy is already at risk for memory loss because of cardiac risk factors, advancing age, and amyloidosis, which could lead to detection bias. Also, the absence of objective memory tests and lipid data makes it difficult to causally link the memory change to the lipid-lowering by statins. Cancer and diabetes mellitus type 2. No formal case reports of patients reporting incident cancer or incident diabetes coinciding with statin therapy were found in our review. Cancer and diabetes are both frequently occurring long-term clinical outcomes and might therefore not be linked to statin therapy in an individual patient.
Case reports are a valuable tool for signaling possible adverse drug effects (6) . However, a case report is hardly ever definitive, and can rarely prove causation, although a case report can suggest new hypotheses and stimulate further study (7) . Therefore, data from comparative studies are necessary, either from observational studies or randomized trials.
Observational Research
Cognition. Many observational studies have investigated the association between statin use and cognitive function (4). We identified 9 observational studies that studied this relationship (8 -16) . Four studies showed beneficial effects of statins on cognitive performance (8 -11), 3 studies found no effect on cognitive function (12, 15, 16) , and 2 studies found an increased risk of cognitive impairment associated with statin use (13, 14) . Given the heterogeneity of the outcomes, the results of the observational studies are inconclusive. One of the main problems with investigating the association between statin therapy and possible adverse effects in observational studies is confounding by indication. First, the patient population receiving statin therapy in observational studies is already at risk for vascular disease, has multiple cardiac risk factors, and is on average older than those not receiving statin therapy. Therefore, these subjects are by definition more prone to develop cognitive impairment (17) . Second, in observational studies a comparison is made between prevalent users of statins and nonusers. That leads to another form of selection bias as prevalent users have survived during their treatment period. If treatment decreases the risk of a specific outcome, the group of prevalent users will be enriched with susceptible patients compared with the nonusers. Conversely, more resilient patients will be in the user group if treatment increases the risk of outcome (17) . Statistical correction for imbalances between treatment groups in observational studies has proven to be unreliable (18) . An evident example of such discrepancy is found in studies performed to analyze the effect of postmenopausal hormone replacement therapy (HRT) on coronary heart disease (CHD). Most observational studies found a lower risk of CHD in users of HRT compared with nonusers, a finding that was interpreted as a protective effect of HRT on CHD risk. However, a large randomized clinical trial found a higher CHD risk among incident users of HRT compared with placebo users (19 risk of cancer (20 -25) . That has led to concerns that treatment with statins, which lower cholesterol levels, might increase cancer risk. However, these observed associations between low plasma cholesterol and increased risk of cancer might originate from reverse causality or confounding. For example, low plasma cholesterol levels might be caused by a hypocholesterolemic effect of cancer in pre-clinical stages (26) . In that case, subjects with cancer would have an abnormally low cholesterol level because of the cancer, not vice versa (reverse causality). Furthermore, confounding factors such as age, smoking, and alcohol use might also explain some of the observed associations. Moreover, subjects with low cholesterol may simply live long enough to develop cancer. To try to overcome the problems of reverse causality and confounding, a Mendelian randomization study was performed. Mendelian randomization is based on Mendel's law that inheritance of 1 genetic trait is independent of inheritance of other traits. We used the APOE genotype to assess the association between cholesterol levels and cancer (27) . We found that subjects, when grouped by their baseline cholesterol levels, indeed had a higher cancer risk when their baseline cholesterol levels were lower. However, when subjects were categorized according to their ApoE genotypes, which also resulted in groups with significantly different cholesterol levels, no increased risk of cancer was observed in the group with low cholesterol levels (27) . These findings suggest that low levels of cholesterol are not causally related to an increased risk of cancer-again showing that results of observational studies are difficult to interpret with regard to causality. Type 2 diabetes mellitus. The relation between statin treatment and incident diabetes has not been described in many observational studies. In a large observational study of 345,417 subjects, Sukhija et al. (28) found statin use to be associated with higher fasting glucose levels. More recently, the Women's Health Initiative investigated this relation in 161,808 postmenopausal women ages 50 to 79 years (29) . Statin use at baseline was associated with a 1.7 higher risk of type 2 diabetes mellitus. This association remained after adjusting for potential confounders, and was observed for all types of statins. However, this study had methodologic limitations because the investigators could not adjust for baseline cholesterol levels, which had been measured in only 10% of the participants. In addition, they did not analyze new users of statins and their risk, and the accuracy of the diagnosis of incident diabetes was not optimal. Limitations of observational studies. Randomized clinical trials are usually the preferred strategy for obtaining evidence on the effects of clinical interventions. Randomization prevents selection bias, which results in a similar baseline prognosis for occurrence of the clinical outcome in the treatment group and the placebo group. In observational studies, users have a different prognosis for the clinical outcome compared to nonusers, as allocation of treatment by clinicians is usually based on specific prognostic factors.
Even rigorous adjustment for known prognostic factors does not result in unbiased estimates of treatment effects. On the contrary, the evidence on the safety of a clinical intervention (unintended effects) might be assessed by both observational studies and randomized trials. The drawback of assessing the unintended effects in randomized trials is that they are frequently under-powered to find associations with adverse outcomes and that their follow-up is often relatively short. Assessing whether the unintended effects of a clinical intervention can be validly done from observational studies, being either case-control studies or prospective follow-up studies, depends on the judgment whether treated and untreated groups have a similar baseline prognosis for development of the adverse effect. Because treatment groups will frequently have similar baseline prognosis for the adverse effect under study, observational research may yield valid estimates (30, 31) . That is why observational studies often yield results similar to those of randomized controlled trials for unintended effect of clinical interventions (32, 33) .
To investigate the relation between statins and adverse events like cognition, cancer, and diabetes, the use of observational studies may not be adequate because the prognostic factors for the intended effects of statin treatment (reduction of cardiovascular disease) are the same risk factors for cognitive function (34, 35) , cancer (36, 37) , and diabetes (38, 39) . Because the incidences of cognitive decline, cancer, and diabetes are relatively high among patients for whom statin treatment is indicated, and follow-up of patients in these trials is generally long enough for the possible adverse effects to occur (often 5 years), randomized trials are the most appropriate design to assess whether statin treatment is associated with an increase of these events.
Randomized Controlled Trials and Systematic Reviews
Cognition. Two large randomized controlled clinical trials have examined the effect of statins on cognitive function as the major secondary endpoint of the studies (40, 41) . First, the PROSPER (Prospective Study of Pravastatin in the Elderly at Risk for Vascular Disease) investigated, in 5,804 participants, the effect of pravastatin (40 mg daily) on cognitive function, measured with an extensive set of validated tests for cognitive function (40) . Every 9 months, cognitive function was assessed, with a mean follow-up period of 42 months. As expected over time, on average, a general significant cognitive decline was indeed observed in all subjects, indicating that the measurements were appropriate. However, and most importantly, the decrease in cognitive function over time was no different between pravastatin treatment versus placebo ( Fig. 1) (42) . Also, no adverse events such as memory loss or confusion were reported to be more common with pravastatin use compared to placebo. The other randomized clinical trial, the Heart Protection Study, investigated the effect of simvastatin (40 mg daily) on cognitive function in 20,536 participants (41) . Cognitive function was assessed using the Telephone Interview for Cognitive Status questionnaire. After a mean follow-up period of 5.3 years, no significant change in cognitive function was shown between simvastatin-and placebotreated patients (43) . Because cognitive function after statin/ placebo therapy was measured only once at the end of the study, the drop-out due to cognitive impairment during the study could have biased the results. The JUPITER (Justification for the Use of Statins in Primary Prevention: An Intervention Trial Evaluating Rosuvastatin) study reported no difference in cognitive function between rosuvastatin and placebo users at the end of the trial; only a slight increase in subjects reporting confusional state in the rosuvastatin group was found (44) . However, the JUPITER trial was not designed to measure neurocognitive status in a systematic way, so no definite conclusions can be drawn (44) .
Twelve other small randomized controlled trials have studied the relationship between statin use and cognitive function as a primary outcome (45) (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) . The majority of the trials, 9 studies, found no change in cognitive function between statin and placebo users (45-49,51-53,55) . One trial found a detrimental effect of statin use on cognitive function measured with the 4-word memory test (50) . Two studies found a benefit in cognitive function (54, 56) .
Taking all this evidence together from the randomized controlled clinical trials, we believe that there is no evidence to conclude that statins have detrimental (or beneficial) effects on cognitive function. That does not exclude the possibility that for an individual patient a rare side effect may occur, as is the case for any other type of medication. Cancer. As stated earlier, the discussion whether statins might cause an increased risk of cancer has been ongoing since the finding that low levels of low-density lipoprotein cholesterol are associated with a higher risk of cancer incidence. That raised the question whether lowering lowdensity lipoprotein cholesterol levels with statin treatment would increase risk of cancer. Cancer incidence has been assessed in all large randomized controlled trials (57) . Until now, only 2 randomized controlled trials have reported an increased risk of cancer in the statin group compared to the placebo group. The PROSPER study found a 1.25 increased risk for cancer incidence for the statin-treated patients compared to the placebo group (40) . Also, in the LIPID (Long-Term Intervention With Pravastatin in Ischemic Disease) trial, an increased cancer risk in the pravastatin group compared to placebo users was found when they analyzed this in an elderly subgroup (58). Bonovos et al. (59,60) performed a systematic review to investigate the effect of statin on cancer incidence. They pooled data from 12 large randomized controlled trials and found a nonsignificant overall estimate of 1.07 (95% confidence interval [CI]: 0.97 to 1.18) with the random-effects model (Fig. 2) . They also performed meta-regression to investigate the impact of age on this association (60) , and found that the risk ratios of cancer associated with pravastatin therapy increased with advancing age. The authors of the PROSPER study reported their finding as a possible chance finding due to a skewed distribution of subjects with latent cancer (40) . Now they have extended their follow-up period by 10 years (from 3.5 to 14 years of follow-up) and found no increased risk of cancer incidence for subjects treated with statins compared to placebo (Prof. Ian Ford, personal communication, January 30, 2012) . Numerous other recent systematic reviews have also shown no increased risk for cancer incidence with statin treatment (2, 33, 57, (61) (62) (63) (64) (65) . The most recent meta-analysis included 33 randomized controlled trials with data on first incident cancers recorded after randomization (2). (66) . For example, the JUPITER trial reported an increased incidence of diabetes in the rosuvastatin group compared to the placebo group (67), whereas the WOSCOPS (West of Scotland Coronary Prevention Study) trial had reported that pravastatin appeared to reduce the risk of diabetes (68) . A large meta-analysis was performed to Figure 3 . There was, however, of course a benefit in a reduction in CHD death, myocardial infarction, and stroke. Meta-regression showed a stronger association in trials with older participants. As such, there was no apparent increased risk in trials in which patients were on average age 60 years or younger (64) . Conversely, the risk was present in the older population, a group for which the absolute benefit of statin therapy would also be greater (66) . Therefore, benefit was seen to outweigh risk, especially for younger patients, for whom no increased risk was apparent in this study.
Another recent meta-analysis showed that use of intensive-dose statin therapy compared with moderate-dose statin therapy led to a higher incidence of new-onset diabetes (OR: 1.12, 95% CI: 1.04 to 1.22) (69). To put this into a clinical perspective, intensive-dose statin therapy also led to fewer major cardiovascular events compared to moderate-dose statin therapy (OR: 0.84, 95% CI: 0.75 to 0.94) (69) . Therefore, the large benefit of statins for cardiovascular events outweighs the small absolute risk for development of diabetes.
A potential mechanism to explain the findings of the higher incidence with statin therapy has not yet been identified. One possibility might be that statins directly affect muscle or insulin action, resulting in higher diabetes incidence. Animal models have shown that statin-induced myopathy is associated with the development of muscle insulin resistance (70) . However, more research is needed to provide more information regarding the underlying mechanism of the small statin-related diabetes risk.
Conclusions
Recent large meta-analyses and systematic reviews have shown no convincing evidence for change in cognitive function or risk of cancer after statin use. However, a small increased risk for incident type 2 diabetes mellitus has been observed. In view of the overwhelming benefit of statins for reduction of cardiovascular events by 25% to 45%, the small increase in relative risk for the development of diabetes is outweighed by the cardiovascular benefit in the short and medium term for patients for whom statin therapy is recommended. We, therefore, suggest that clinical practice for statin therapy should not be changed for patients with high cardiovascular risk or existing cardiovascular disease. However, the newly identified diabetes risk should be taken into account if statin therapy is considered for patients at low cardiovascular risk or for patient groups for which cardiovascular benefit has not been proven.
